Abstract: This paper deals with the generalised approach to the adaptive control of a denitrifying biofilter with application of the substrate consumption rate. It is shown how to derive the control law on the basis of the simplified form of the dynamical equation written for the controlled variable with the possibly minimal knowledge about the process kinetics and components. In this equation all reaction rates are replaced by the only one time varying parameter (substrate consumption rate) and its value is estimated on-line by the recursive least-squares method at the biofilter outlet to ensure the adaptability of the control law. The suggested methodology is evaluated by simulation with application to the complete nonlinear model of the biofilter. Copyright  2002 IFAC
INTRODUCTION
This paper is concerned with the generalised approach to the design of the adaptive controller, which is to be applied to regulate the total nitrates and nitrites concentrations at the outlet of the granular fixed bed biofilter (Bourrel, 1996; Jacob et al., 1996; Babary and Bourrel, 1999; Bourrel et al., 2000) with the velocity of the flowing medium as the control variable.
This work is a generalisation of the approach suggested in (Babary and Bourrel, 1999; Bourrel et al., 2000) . Although in those works the lack of modelling accuracy (basically of the process kinetics) was considered, it was necessary to know the complete form of one subset of the mathematical model of the biofilter to manage the estimation problem. Strictly speaking, it had to be assumed that some of the model parameters (namely the yield coefficients and the death/detachment coefficients) were constant and known from the off-line identification experiments. Next, on the basis of the dynamic equation, describing the biomass evolution, a nonlinear observer for that value was proposed. That observer was then used for the on-line estimation of the specific growth rate and afterwards both those values were applied to provide the adaptability of the control law. The control law itself was derived on the basis of the dynamic equation describing the nitrate and nitrite concentrations, which was obtained by combining the part of the complete mathematical model of the biofilter. Let us note that the main drawback of such an approach is that in some cases it cannot be used in the practice because there is not only a large uncertainty on the process kinetics but also on the form of the mathematical model. Moreover, in certain cases the multiparameter identification (the observer for the biomass concentration and the estimate for the specific growth rate) can give inaccurate results.
Our approach, suggested in this paper, is based on the application of the substrate consumption rate to the adaptive control of distributed parameter bioreactors (Czeczot et al., 1998; Czeczot et al., 2000) . In our opinion this is the interesting alternative for the approach described above. We assume that the mathematical model of the biofilter is completely unknown. There can be a large uncertainty not only on the process kinetics, but also on the knowledge about biochemical reactions taking place. Moreover, even some components of reactions can be unknown. We only need to define the control goal and, consequently, the controlled and control variables. We also need a basic knowledge about the process dynamics and on the basis of this knowledge we derive the simplified partial differential equation describing the controlled variable. This equation has a simplified form because it is based on the common mass balance considerations with the only one time varying term, which represents all unknown rates of reactions influencing the controlled variable at the biofilter outlet. Such an equation is then modified and used both for the controller design and for the estimation of the unknown term. This estimation provides adaptability of our control law. It is worth noting that there is only one parameter to estimate and thus we avoid the common difficulties with the multivariable identification. This paper is organised as follows. A mathematical model of the biofilter is given in Section 2. Section 3 is devoted to the design of the suggested controller. Simulation results that prove very good control performance of this controller are presented in Section 4. Concluding remarks complete the paper.
MATHEMATICAL MODEL OF THE BIOFILTER
The dynamic model of the biofilter (Jacob et al., 1996; Babary and Bourrel, 1999; Bourrel et al., 2000) , 
In the above model the boundary conditions S NO3 (0,t) = S NO3,in (t), S NO2 (0,t) = S NO2,in (t), S C (0,t) = S C,in (t) and the initial profiles S NO3 (z,0), S NO2 (z,0), S C (z,0), X a (z,0) are given.
In the equations (1a-1d) z∈ [0,1] is the dimensionless space variable, ε denotes the porosity, Y h1 and Y h2 -the yield coefficients [ -] of the denitratation and denitritation reactions, respectively, w -the superficial velocity [m/h], L -the length of the biofilter, X a max -the maximal active biomass concentration [g COD/m 3 ]. The specific growth rates of the denitratation (µ NO3 [1/h]) and of the denitritation (µ NO2 [1/h]) reactions are typically described with a double Monod-type model (Monod, 1949; Bastin and Dochain, 1990 ):
where 
at the biofilter outlet at some desired value y d by manipulating the velocity of the flowing medium w(t).
As it was said in Section 1, in most of practical cases the complete mathematical model of the biofilter (1) is not given, and even if it is given, there is still a large uncertainty associated to the process kinetics as well as to the model parameters. Thus, under these restrictions, the only way is to suggest the controller design on the basis of the general and simplified partial differential equation describing the controlled quantity y(z,t) (Czeczot, 1995; Metzger, 2000) :
where r y (z,t) is the time varying term that represents the kinetics of the denitratation and the denitritation reactions, which influence the total concentration of nitrates and nitrites y(z,t).
The equation (3) describes the dynamics of y(z,t) at each internal point along the biofilter and thus on its basis the dynamic equation can be written for our controlled variable:
with r y,out (t) = r y (1,t). Now we can design the linearising controller on the basis of the simplified equation (4). If we wish to have the following stable first-order closed loop dynamics (Isidori, 1989; Bastin and Dochain, 1990) :
we can combine the equations (4) and (5) and in result we obtain the following expression for our linearising controller:
If we want to use the controller (6) in practice, we must manage two following difficulties:
• The value of the term r y,out (t) is unknown and unmeasurable on-line. Moreover, there is a large uncertainty on the possible expression describing its value. Therefore there is a need to apply the estimation procedure to obtain the value of this term. This procedure is based on the equation (4) with the application of the recursive least-squares method with the adjustable forgetting factor α f (Czeczot, 1997; Czeczot et al., 1998; Czeczot et al., 2000) . It allows us to estimate the value of the term r y,out (t) as of the only one time varying parameter and thus we avoid the common difficulties with the multivariable identification. The estimation procedure is carried out on-line and in result we obtain the estimate of the unknown value of r y,out (t) at discrete moments of time.
• At the denominator of the control law (6) there is the space derivative of the controlled variable at the biofilter outlet. The same space derivative must be known for the estimation procedure described above. This value is unknown in practical cases but it can be approximated on-line by the orthogonal collocation method (Villadsen and Michelsen, 1978; Tali-Maamar, 1994) . We only need the measurement data from the sensors of the concentrations of nitrate and of nitrite at the input and at the output as well as at some internal points along the biofilter. These points are the internal collocation points and such an approach allows us to combine high approximation accuracy with the possibly small number of the sensors being in use.
Considering the above we can suggest the final form of the nonlinear adaptive controller:
where i denotes the discretisation instant, i out , y r is the estimate of the value of r y,out (t) and i 1 z A = represents the approximation of the unknown value of the space derivative that exists at the denominator of the expression (6). The control law (7) has a discretetime form because it is assumed that the measurement data of the concentrations of nitrate and of nitrite is accessible only at discrete moments of time and, in result, the estimate i out , y r is also calculated at the same discrete moments of time. The adaptability of the suggested controller (7) consists of considering the estimate i out , y r instead of the unknown value of r y,out (t). In the controller (7) λ is the only one tuning parameter.
It is worth noting that the simplification in the form of the equation (3) lays not only in the application of the one time varying parameter r y,out (z,t) but also in the fact that the porosity parameter ε is not considered at all. It is in line with the assumption that the value of ε is unknown. In consequence, this value is not included in the estimation procedure and in the final control law (7). In the next Section it is shown that although this fact significantly influences the estimation accuracy, it is not important for the control performance of the controller (7).
SIMULATION RESULTS
In this Section the selected simulation results of the control performance of the suggested adaptive controller (7) are presented. For the simulation experiments the complete mathematical model of the biofilter (1) is approximated by a set of ordinary differential equations with application of the orthogonal collocation method (Villadsen and Michelsen, 1978) . The optimal choice of the number of the collocation points N = 5 and of the parameters determining the internal points location α = 1 and β = 1 (Bourrel, 1996) . Simulation runs have been carried out with the following parameters of the model (1) (Bourrel et al., 2000) : The control performance of the suggested controller (7) and the estimation accuracy in the closed loop are presented in this Section. During the first twenty hours the biofilter is operated in open loop. After this time the control law is applied first to adjust the output y out (t) at its desired value y d = 5.65 and then to decrease the influence of the indicated step changes of the disturbing parameters. Fig. 1 shows a very good control performance of the control law in the presence of the desired value and parameter changes. In spite of these disturbances the desired value y d is always reached and tracked. The control value varies smoothly and slowly, which is very important in the practical applications.
The estimation accuracy during the same closed-loop experiment is shown in the Fig. 2 . Note that although the plot of the estimate i out , y r has a very similar shape to its true value r y,out (t), there is a large and constant bias between these two values. This bias is due to the fact that in the simplified equation (3) and, in consequence, in the estimation procedure that is based on this equation, the porosity parameter ε is not considered. However, the influence of this modelling inaccuracy is compensated in the control law (7) by this difference between the true value of r y,out (t) and its estimate i out , y r . In consequence this inaccuracy has no influence on the control performance of the suggested adaptive controller (7). This property is very important and it ensures the possibility of the application of this approach to a wider class of processes in which the porosity influence is not known. Let us note that when the value of ε is known it can be easily included in the form of the equation (3) to improve the estimation accuracy but without any influence on the control performance.
CONCLUDING REMARKS
In this paper the generalised approach to the adaptive control of the denitrifying biofilter with application of the substrate consumption rate is studied. It is shown how to derive the control law without any knowledge not only about the process kinetics but also about the complete form of the full nonlinear mathematical model of the process. This control law has been evaluated by simulation with application to the complete nonlinear mathematical model of the biofilter given in Section 2. Simulation results prove very a good control performance of the suggested controller in the presence of the desired value and of the disturbing parameters changes.
It must be said that the methodology presented in this paper is very useful for the control of the biofilter but not for its monitoring. The control law is derived assuming the possibly minimal knowledge about the process and this property makes this methodology very general. However, in the case when monitoring is needed, the more precise mathematical description of the biofilter must be used and some knowledge about the process kinetics must be assumed to derive necessary observers and to apply the off-line and online identification techniques. Let us note that the idea of the substrate consumption rate can be also suggested for the monitoring of such processes (Czeczot, 1995 (Czeczot, , 1997 Czeczot et al., 2001) but in this particular case the porosity parameter must be known and considered.
For the approach presented in this paper, it is assumed that the nitrate and nitrite concentrations are measured not only at the input and at the output but also at some internal points along the biofilter (in this case at the collocation points). Of course such an assumption ensures a better control performance but it must be said that in practice, usually it is very difficult to obtain measurement data at internal points. In this case we can use the approximation of the space derivative of the controlled variable based on the finite difference method (Bourrel et al., 2000) or to apply similar but more general methodology called Balance-Based Adaptive Control (Czeczot, 2001) . To summarise, let us note that the presented methodology can be suggested for practical application. It is very general since both the adaptive controller and the estimation procedure are based on the simplified form of the dynamical equation written for the controlled variable. The very important properties of this methodology are its very good control performance and its simplicity, which allows it to be easily implemented even on the simple PLC devices.
